An absolute scale of performance is set up in terms of the performance of an ideal picture pickup device, that is, one limited only by random fluctuations in the primary photo process. Only one parameter, the quantum efficiency of the primary photo process, locates position on thisscale. The characteristic equation for the performance of an ideal device has the form
INTRODUCTION
HE designer of picture pickup devices such 1as television pickup tubes, photographic film and electron image tubes is faced steadily with the problem of comparing the performance of these devices with the performance of the human eye. This is especially true for comparisons of sensitivity. Neither television pickup tubes nor photographic film match the ability of the eye to record pictures at very low scene luminances. Film ceases to record at a scene luminance of a few footlamberts, and present television pickup tubes at a few tenths of a footlambert. (Lens diameters and exposure times are assumed equal to those of the eye.) The eye, however, still transmits a picture at 10-6 footlambert. This is a striking discrepancy, especially when it is known that eye, film and pickup tube each require about the same number of incident quanta to generate a visual act. By visual act is meant a threshold visual sensation for the eye, the rendering of a photographic grain clevelopable in film or the release of a photo-electron in a television pickup tube. This number of incident quanta is in the neighborhood of 100. C(2 to 100 percent) and a( 2 ' to 100'), the performance of the eye may be matched by an ideal device having a quantum efficiency of 5 percent at low lights and 0.5 percent at high lights. This is of considerable technical importance in simplifying the analysis of problems involving comparisons of the performance of the eye and man-made devices. To the extent that independent measurements of the quantum efficiency of the eye confirm the values (0.5 percent to 5.0 percent), the performance of the eye is limited by fluctuations in the primary photo process. To the same extent, other mechanisms for describing the eye that do not take these fluctuations into account are ruled out. It is argued that the phenomenon of dark adaptation cn be ascribed only in small part to the primary photo-process and must be mainly controlled by a variable gain mechanism located between the primary photo-process and the nerve fibers carrying pulses to the brain.
The sources of this discrepancy will be discussed later. For the present, the discrepancy is introcluced and emphasized for the following reason.
Since television pickup tubes and photographic film are already limited in their performance by more or less fundamental statistical fluctuations (noise currents in pickup tubes and graininess in film) and since the low light performance of the eye so far outstrips that of pickup tubes and film, it is not unreasonable to inquire whether the performance of the eye also is limited by statistical fluctuations. The purpose of this paper is, in fact, to lay out clearly the absolute limitations to the visual process that are imposed by fluctuation theory and to compare the actual performance of the eye with these limitations. The gap, if there is one, between the performance to be expected from fluctuation theory and the actual performance of the eye is a measure of the "logical space" within which one may introduce special mechanisms, other than fluctuations, to determine its performance. These special mechanisms can only contract the limits already set by fluctuation theory. This' point is especially important because it restricts the freedom with which one can introduce such assumptions as: (1) rods or cones with variable thresholds of excitation, (2) an absorption coefficient for the retina that varies with scene luminance or (3) photo-chemical reaction rate equations with arbitrary coefficients.
The following discussion begins with a description of ideal performance, that is, performance limited only by statistical fluctuations in the absorption of light quanta. Next an experimental realization of ideal performance is introduced in the form of a special television pickup arrangement. The performance data for the eye is then compared with ideal performance and finally some implications of this comparison are discussed.
It must be emphasized that this discussion is concerned primarily with the low light end of the light range over which the eye operates. It is here that fluctuation limitations would be expected to be the dominant factor. At very high lights other limitations set in, as for example, the finite structure of the retinal mosaic, or the limited traffic carrying capacity of the* optic nerve fibers. Important as these factors are for a complete understanding of the eye, they do not constitute, as do statistical-fluctuations, an absolute limit to the possible performance of the visual process. They are the particular boundary conditions pertaining to the eye, which, in another device or in an "improved eye," might take on other values. The light range considered here is still the larger part of the total light range of the eye, namely, from 10-6 to 102 footlamberts.
The excluded range is 102 to 104 footlamberts. Also the discussion is confined, except for a few remarks on color, to the sensitivity performance of the eye for white (as opposed to colored) test patterns.
PERFORMANCE OF AN IDEAL PICTURE PICKUP DEVICE
An ideal picture pickup device is defined to be one whose performance is limited by random fluctuations in the absorption of light quanta in the primary photo-process. Each absorbed quantum is assumed to be observable in the sense that it may be counted in the final picture. From well known statistical relations, an average absorption of N quanta will have associated with it deviations from the average whose root mean square value is N1. These deviations are a measure of the accuracy with which the average number N may be determined. They also control the smallest change in N that may be detected. Thus if this smallest change is denoted by AN:
where k is a constant to be determined experimentally. k is called the threshold signal-to-noise ratio. Let the average number of quanta, N, be absorbed in an element of area of side length, t, and in the exposure time of the pick-up device.
Then N/h 2 is proportional to the luminance of the original scene and AN to the threshold change in luminance and we may write
threshold contrast-C=AB/B X 100%
Combining Eqs. (2) and (3) we get:
where a is the angle subtended by it at the lens. For this reason, data plotted for an actual device would be expected to bend away from their theoretically straight lines as they approach the dashdot boundaries.
The complete characteristic equation with the constant factor written out is
where the symbols have these meanings and units:
k-threshold signal-to-noise ratio [see Eq.
(la)] 2 ) X 10-7 footlambert.
From Eqs. (3) and (la) we get:
Combining Eq. (8) and (9) we get:
(10)
The factor k in Eq. (5) is of special interest because its value has frequently been assumed to be unity. That is, the statement is made that a threshold signal is one that is just equal to the r.m.s. noise.** Some estimates made recently by the writer 3 and based on observations on photographic film and on television pictures lay in the 
30, 295 (1942).
2 H. DeVries, "The quantum character of light and its bearing upon threshold of vision, the differential sensitivity and visual acuity of the eye," Physica 10, 553 (1943).
3A. Rose, "A unified approach to the performance of photographic film, television pickup tubes and the human eve," J.S.M.P.E. 47, 273 (1946) . range of 3 to 7. Additional and more direct evidence is given in the next section that the value of k is not unity but is in the neighborhood of 5.
AN EXPERIMENTAL APPROACH TO AN IDEAL PICTURE PICKUP DEVICE'
One of the oldest means of generating television pictures is the so-called light spot scanning posures were chosen so that the diagonal demarcation between visibility and invisibility fell to the right of rather than on a particular diagonal of discs. Thus the smallest visible black dots are somewhat above threshold visibility. To get a short decay time, the ultraviolet emission from a special zinc-oxide phosphor scanner was used.t Two obvious blemishes that were not apparent under visible light, and have no connection with the test, are marked off by circles in Figs. 6c,   d , e, and f. ingly low scene luminance. In fact the number of "quanta" per unit area may easily be counted. As the scene luminance is increased, more and more of the pattern becomes visible.
Equation (5) and Figure 1 are quantitatively borne out by these pictures in two important respects. First, the demarcation between visibility and invisibility is, with good approximation, a diagonal. That is, the threshold contrast varies as the reciprocal angle of the test object.
Second, the demarcation shifts by one diagonal for a factor of four change in scene luminance. That is, the threshold scene luminance varies as the square of the reciprocal contrast or as the square of the reciprocal angle. While the precision of the separate pictures is not high, the precision of the series is, since there are no significant cumulative or progressive departures in the large range of scene luminance covered. cise value for k would, however, not depart significantly from the one given here. This is based on the fact that the range from substantial certainty of not seeing to substantial certainty of seeing is covered by a factor of four in scene luminance. This corresponds to a factor of two in the range of k values that might be selected.
'rhe interesting fact is that the threshold signalto-noise ratio is not unity as is usually assumed but more nearly five.
The storage time of the eye is usually taken to be about 0.2 seconds. The series of photographs in Fig. 6 confirmed that choice if confirmation were needed. The visual impression of the kinescope picture matched within a factor of two the photographic exposure for 0.25 second.
To summarize this section, the series of pictures in Fig. 6 Recently a more complete and thorough investigation of visual performance has appeared by Blackwell. 7 The points in Figs. 9 and 10 were computed from Blackwell's data for grey disks on a white background. In order to plot both
Figs. 8 and 10, Reeves' 8 data on pupil diameter versus scene luminance were used.
In Fig. 7 well's data in Fig. 9 . Here the 450 lines are drawn tangent to the best performance at each value of scene luminance. The data in each case curve away from the straight lines. The degree of fit is still, however, sufficiently good for many engineering purposes. It is also sufficiently good to draw significant conclusions regarding the mechanism of the eye, as will be discussed below. In comparing Figs. 7 and 9 with 
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In brief, a factor of ten represents the maximum variation that the quantum efficiency of the eye undergoes in the range of 10-6 to 102 footlamberts.
GENERAL DISCUSSION
A. Problems of Engineering Importance
The fact that the bulk of the performance data of the eye can be simply summarized by the performance of an ideal picture pickup device operating with a quantum efficiency of 5 percent at The types of problems that are clarified by this approach are: specification of the performance of television pickup tubes that are designed to replace the human eye; estimate of the factor by which pick-up tubes should exceed the eye in performance when the reproduced picture is viewed at a higher luminance than the original scene; estimate of the maximum gain in intelligence that may be obtained by any picture pickup device interposed between the eye and the scene; the setting up of criteria for the visibility of noise in a television picture or of graininess in photographic film; and finally, the ordering of the performance of present television pickup tubes and film relative to that of the eye. Two of these problems will be discussed briefly.
If the eye may be treated as an ideal pickup device, the criterion of threshold noise visibility is simple. It is that the signal-to-noise ratio associated with an element of area of the retina be approximately equal to the signal-to-noise ratio associated with the same element of area in the original scene in which noise is to be observed. Thus, in a series of tests in which pictures similar to those in Fig. 6 were directly viewed on a kinescope, it was found that the noise in these pictures could be reduced to threshold visibility by interposing a neutral filter between the eye and the kinescope. The transmission of the neutral filter was such that, at threshold, the number of white specks per unit area per unit time on the kinescope face was approximately equal to the number of light quanta absorbed by the retina from the same area per unit time. A quantum efficiency of 0.5 percent was used for this computation. It is probably more significant to apply the same type of analysis to data already published, as for example, in the paper by Jones and Higgins 9 on the graininess of photographic film. Table I , column 1 shows the values of signal-tonoise ratio measured by Jones and Higgins for several widely different types of film and for a test area 40 microns in diameter on the film. In column 2 are given the computed values of signalto-noise ratio for the same test area at the retina under what they call threshold conditions for seeing graininess. To compute column 2, a quantum efficiency of 0.5 percent was assumed for the eye as well as a pupil diameter of 4 millimeters and a storage time of 0.2 second.
The large discrepancy between the low light performance of the eye and that of present television pickup tubes and photographic film was referred to at the beginning of this paper. Its origin is this. The eye appears to act like an ideal device over a large range of scene luminances. That is, as the scene luminance is decreased the signal received by the retina falls linearly while the noise associated with the signal falls as the square root of the scene luminance. And these relations hold even down to 10-6 footlambert. The same relations hold for pickup tubes and film but usually only over the relatively narrow light ranges in which they are normally used. In these ranges, they act like ideal devices with a quantum efficiency about the same as that of the eye. As the scene luminance is lowered, however, various sources of fixed noise (invariant with scene luminance) dominate and obscure the picture. These sources of noise include the noise in a television amplifier, the shot noise in a scanning beam, and the fog in photographic film. None of 
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B. Dark Adaptation and Related Phenomena
The outstanding feature of dark adaptation is well known. Immediately after exposure to a luminance of about 100 footlamberts, the lowest luminance the eye can detect is over 1000 times' larger than the luminance it can detect after extended dark adaptation. The significant question here, that bears on the mechanism of the eye, is, "Is the sensitivity, that is, quantum efficiency, of the dark adapted eye over a thousand times greater than that of the light adapted eye?**** The answer, from Figs. 8 and 10, is definitely in the negative and with a large factor of safety. From these figures, at most a factor of ten can be ascribed to change in quantum efficiency. The rest, except for some contribution of pupil opening, must come from another mechanism. And a reasonable mechanism to postulate is a gain control mechanism located between the primary photo process at the retina and the nerve fibers that carry the impulses to the brain. A gain mechanism, minus the idea of control or variability, is not at all ad hoc. It is needed to raise the energy level of the absorbed quanta to the energy level of their corresponding nerve pulses.
To add variability to the gain mechanism is indeed a minor assumption and one that can readily account for the large range of dark adaptation.t From necessarily subjective evidence,
the gain control appears to be automatically set so that noise is near the threshold of visibility. At very low lights, around 10-4 footlambert,
"noise" appears to be more easily visible than at moderate lights around one footlambert. The writer has been most impressed by the appearance of noise in dimly lit scenes after the thorough **** If one takes, for example, Hecht's (reference 10) assumption that threshold visibility corresponds to a fixed amount of sensitive material decomposed by the incident threshold light, then since the threshold light intensity changes by a factor of 104 (see Fig. 3 of Hecht's paper, "Rod portion of the 'blue' curve"), from low to high adaptation light intensities, the quantum efficiency must also change by this factor. dark accommodation that comes from several hours of sleeping in a dark room. Since these conditions are not the normal ones for making reliable observations, the reference must be regarded as one of interest but not of evidence.
At the risk of being repetitive, the conclusions of this section may be stated in another way. Photo-chemical mechanisms that are confined to the primary photo-process at the retina cannot account for more than a few percent of the total range of dark adaptation. By primary photo process is meant the process in which the incident light quanta are absorbed. The products of the primary photo process may however be transmitted to the nerve fibers with variable efficiency consistent with the variable gain mechanism already discussed. Thus the assumption of a variable concentration of active material whose absorption of incident light quanta is correspondingly variable, or the assumption of rods and cones with a variable threshold of excitation can be expected at most to play only a minor role in dark adaptation.
It is interesting to record here a possible but less certain application of the gain control mechanism. At high lights, luminosity, visual acuity' 2 and contrast discrimination are substantially the same for red and blue illumination having the same luminance. At very low lights, less than 10-3 footlambert, luminosity, visual acuity 2 and contrast discrimination under red light rapidly approach zero while under blue light, significantly finite values are maintained. In the intermediate range of 10-3 to 1 foot lambert, the range of present interest, the luminosity of red light 
C. Other Mechanisms
It was stated earlier in this paper that the departure of the actual performance of the eye from that to be expected from an ideal device was a measure of the "logical space" within which one could introduce mechanisms, other than fluctuations in the primary photo process, to determine the performance of the eye. Such other mechanisms would, of course, lead to lower performance than would fluctuations in the primary photo process alone. What is important, then, is to get an estimate of the extent of this "logical space."
To clarify the problem, reference is made to Figs. 8 or 10. If independent measurements of k, t, and 0 verify that k 2 /W/ is 2,800 at low lights and 28,000 at high lights as shown in these figures, then, except for minor departures, the actual performance of the eye matches the performance expected from an ideal device and the "logical space" is substantially absent. The inquiry then leads to what is known of k, , and 0 separately.
The threshold signal-to-noise ratio, k, was taken from Fig. 6 . Its value, 5, is primarily a low light value in that it applies to the condition that noise is easily visible. If noise is not easily visible, as at higher lights, an increase in k can be invoked. But such an increase is in the direction already noted in Figs. 8 and 10 and would only relieve the quantum efficiency (0) of the necessity of varying from low to high lights.
The storage time () was also observed from the primary photo process to determine the acuity and contrast discrimination of the eye. If, however, k and are independent of scene luminance, as much as a factor of ten in performance can be ascribed to the limitations imposed by other mechanisms. There remains the departures from straight lines noted in Fig. 9 . Since, at a fixed scene luminance, k, 0, and should remain constant these could not account for such departures. It is rather more likely that the departures represent optical defects in the sense that, as the scene luminance is lowered, the eye combines signals from neighboring rods and cones to form larger picture elements. These larger picture elements, if they are of the same order as the smallest resolvable black lisks, would limit acuity in the same way that the separate cones set a final limit to acuity. That the eye combines signals from neighboring rods ad cones is a consequence of the fact that more than one absorbed quantum is needed to generate a visual sensation (see also on the frog's eye also point to such a combining process.
17 H. K. Hartline, "Nerve messages in the fibers of the visual pathway," J. Opt. Soc. Am. 30, 239 (1940).
SUMMARY
The performance of the eye over the bulk of its operating range may be matched by an ideal picture pickup device having a storage time of 0.2 second and a quantum efficiency of 5 percent at low lights decreasing to 0.5 percent at high lights. For many engineering problems in which the performance of the eye must be quantitatively compared with the performance of manmade pickup systems, the substitution of an equivalent ideal device for the eye considerably simplifies the analysis. The match between the eye and an ideal device also provides at minimum a good first approximation to an understanding of the performance of the eye in terms of fluctuations in the primary photo process. Depending mostly on how well further independent measurements of the quantum efficiency of the eye agree with the quantum efficiencies deduced in this paper, the analysis of performance in terms of fluctuations may be appreciably better than a first approximation.
ACKNOWLEDGMENTS
The writer has profited from many discussions of the subject of this paper with Dr. D. 0. North of these laboratories.
